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ABSTRACT
Context. Metal-poor components of dwarf galaxies around the Milky Way could be remnants of the building blocks of the Galactic
halo structure. Low-mass stars that are currently observed as metal-poor stars are expected to have formed in chemically homogeneous
clusters in the early phases of galaxy formation. They should have already disintegrated and should exhibit large scatter in abundance
ratios of some sets of elements (e.g., Sr/Ba) in the Milky Way field stars. However, chemical abundance ratios are expected to cluster
in very metal-poor stars in dwarf galaxies because the number of clusters formed in individual galaxies in the very early phase is
expected to be quite limited.
Aims. We examine the possible clustering of abundance ratios of Sr and Ba in the Sextans dwarf galaxy to test for the clustering star
formation scenario.
Methods. We investigate a total of 11 elements (C, Mg, Ca, Sc, Ti, Cr, Mn, Ni, Zn, Sr, Ba) in five stars in the Sextans dwarf galaxy.
Previous studies suggest that these have similar abundance ratios. In this study, we focus on the abundance ratio of Sr to Ba. The
observations are based on high-resolution spectroscopy (R = 40 000) using the Subaru Telescope High Dispersion Spectrograph.
Results. The distribution of α/Fe abundance ratios of the Sextans dwarf galaxy stars is slightly lower than the average of the values
of stars in the Galactic halo. The Sr/Ba abundance ratios for the five metal-poor stars are in good agreement, and this clumping is
distinctive compared to the [Sr/Ba] spread seen in the metal-poor halo stars. We find that the probability of such clumping is very
small if the Sextans stars have distributions of Sr and Ba abundances similar to halo stars.
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1. Introduction
According to the scenarios of structure formation, small galaxies
like dwarf spheroidal galaxies have contributed to building up
the larger ones, including the Milky Way (e.g., Diemand et al.
2007). Numerical studies such as that by Font et al. (2006) sug-
gest that the accreted substructures should be detectable kine-
matically and chemically, even billions of years after the Milky
Way first formed. Indeed, evidence in favor of this scenario
is found in the difference in stellar dynamics, showing that
the halo is separated into substructures (e.g., Helmi et al. 1999;
Starkenburg et al. 2009; Xue et al. 2011).
Another useful technique is the so-called chemical tagging,
which aims to assign stars to groups based on their chemistry
(e.g., Freeman & Bland-Hawthorn 2002). Low-mass stars that
are currently observed as metal-poor stars are expected to have
formed in chemically homogeneous clusters in the early phases
of the galaxy formation. The classification of stars into groups
with similar chemical composition is used to identify stars with a
⋆ Study based on data collected with the Subaru Telescope, operated
by the National Astronomical Observatory of Japan.
common origin, possibly in the same cluster. Nevertheless, very
metal-poor stars ([Fe/H]< −2.5 dex) in the halo field exhibit a
smooth dispersion in abundance ratios suggesting that a large
number of such clusters have contributed to forming the halo
structure. However, in order to apply chemical tagging to the
Milky Way halo, a considerably large sample is required. There
is an intention to apply this technique to the stars of field halos
by large-scale spectroscopic follow-up of the Gaia sample (e.g.,
Hawkins & Wyse 2018).
On the other hand, the application of chemical tagging to
the metal-poor range of faint dwarf galaxies is expected to be
more straightforward. Faint dwarf galaxies contain very metal-
poor stars whose chemical abundances are useful for study-
ing the environment and the formation process of galaxies.
Bland-Hawthorn et al. (2010) performed a detailed investigation
of the formation of clusters with homogeneous chemical compo-
sition, and found that a small number of very metal-poor stars do
not form smooth distributions but make clumps in the abundance
plane of [Fe/H] versus [X/Fe], including the neutron-capture el-
ements (e.g., [Ba/Fe]). This is in clear contrast to field halo stars,
which would have also been born in clusters, but the number of
clusters is so large that their abundances are expected to become
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Table 1. Object data
Star RA DEC Exp.Time S/N S/N Date Ref
(J2000) (J2000) (s) (4100Å) (5180Å) (UT)
S 10-14 10:13:34.70 −02:07:57.9 14,200 14 56 2016 April 26 (1)
S 11-13 10:11:42.96 −02:03:50.4 14,400 21 74 2016 April 27 (1)
S 49 10:13:11.55 −01:43:01.8 14,400 14 62 2016 April 28 (2)
References. (1) Aoki et al. (2009a); (2) Shetrone et al. (2001)
dispersed, leading to a large and smooth distribution in abun-
dance ratios of elements. The clustering in elemental abundances
of metal-poor stars in dwarf galaxies is expected to be useful
for examination of the procedure of chemical tagging and would
help to constrain the formation scenario for the Milky Way.
The Sextans dwarf spheroidal galaxy would be an ideal
galaxy for examination of chemical tagging. Aoki et al. (2009a)
show measurements of six metal-poor stars of the Sextans dwarf
galaxy with low magnesium (Mg), calcium (Ca), and barium
(Ba) abundance ratios. Karlsson et al. (2012) suggested the pos-
sibility that clustering with homogeneous chemical composition
is apparent in this dwarf galaxy from the observation of Sextans
metal-poor stars showing a clump in the [Mg/Fe] and [Fe/H]
plane around [Fe/H]∼ −2.8. However, the number of elements
studied so far for chemical tagging is still relatively small. Fur-
ther abundance measurement for metal-poor stars in the Sextans
dwarf galaxy would be an ideal way to examine the usefulness
of the chemical tagging method.
Chemical tagging is usually applied using abundance ratios
of α-elements and Fe-peak elements because α/Fe reflects the
timescale of the chemical evolution of the system (e.g., Tinsley
1979). However, the abundance differences between stars are
not very large (at most 0.5 dex). Abundance ratios of neutron-
capture elements (e.g., [Sr/Ba]) confer an advantage for chem-
ical tagging because they show large scatter in their abundance
ratios, and the differences can be clearly measured. For the Sex-
tans dwarf galaxy, chemical tagging using the abundance ratios
of neutron-capture elements appears to be possible according
to previous observations. There is a total of nine very metal-
poor stars (−3.0 < [Fe/H] < −2.6) for which Ba abundance has
beenmeasured in previous studies (two stars by Tafelmeyer et al.
(2010), six by Aoki et al. (2009a), and one by Shetrone et al.
(2001)). Seven out of these verymetal-poor stars show very good
agreement of [Ba/Fe]∼ −1.2 dex. This clumping is remarkable,
given the large scatter of [Ba/Fe] seen in the field halo stars in
the samemetallicity range. The two remaining stars, S 15-19 and
S 12-28 (Aoki et al. 2009a), have an excess of Ba. Furthermore,
S 15-19 ([Ba/Fe] = 0.5 dex) is considered to be an s-process en-
hanced star (Honda et al. 2011). The similarity of the [Ba/Fe] in
the remaining stars could be a signature of low-mass star forma-
tion in the same cluster, their Ba sharing the same origin.
Moreover, the Sr abundance of two of these stars was mea-
sured by Tafelmeyer et al. (2010) using the Very Large Tele-
scope (VLT). The abundance ratios [Sr/Ba] of the two stars are
in very good agreement, measuring 0.89 dex and 0.84 dex for
S 24-72 and S 11-04, respectively. The Milky Way halo stars
show a large and smooth dispersion of [Sr/Ba] (≥ 2 dex) for field
halo stars of the same metallicity and in a similar [Ba/Fe] range.
We therefore expect that determination of the abundance of Sr
and subsequent determination of the [Sr/Ba] ratio provides the
strongest constraint on the model of chemical clustering in dwarf
galaxies.
In §2, we describe the sample selection and the details of
spectroscopic observations. §3 gives the estimates of the stellar
parameters and the details of the chemical abundance analysis.
In §4, we present our results. We discuss the derived abundances
in §5. Finally, we summarize our study in §6.
2. Observation
Metal-poor stars in the Sextans dwarf spheroidal galaxy were
selected for our study to obtain high-resolution spectra of the
UV-blue range. We selected stars that have similar Ba abun-
dances according to previous studies by Aoki et al. (2009a) and
Shetrone et al. (2001). The selected stars have similar metal-
licity to the two stars for which the Sr abundance was mea-
sured by Tafelmeyer et al. (2010) ([Fe/H]∼ −2.8). We selected
S 10-14 and S 11-13 from Aoki et al. (2009a) and S 49 from
Shetrone et al. (2001), as they are the three brightest stars (V∼
17.5) among the target candidates.
The targets were observed from 2016 April 26 to 28 for the
first half of the night for all three days with the 8.2 m Subaru
Telescope High Dispersion Spectrograph (HDS, Noguchi et al.
(2002)). The wavelength coverage is from 3920 to 5604 Å with
a resolving power of R=40,000 (0.9 arcsec slit). The signal-to-
noise ratio (S/N) per resolution element (3.7 pixels) of the spec-
trum is estimated from photon counts at 4100 Å and 5180 Å.
Positions of objects, exposure time, S/N, and observed dates are
summarized in Table 1.
We reduced the raw data via a standard process using the
IRAF échelle package1. The effect of the sky background is sig-
nificant in spectra that were taken at the end of the observation
when the moon rose. We removed the sky background from the
spectra by extracting them from the region around the stellar
spectra on the slit. The individual spectra were then combined
after the wavelength calibration.
3. Chemical abundance analysis
Chemical abundances are determined based on model atmo-
spheres and spectral line data. We employ the ATLAS model
atmospheres with the revised opacity distribution function
(NEWODF) by Castelli & Kurucz (2003). We applied the one-
dimensional local thermodynamic equilibrium (LTE) spectral
synthesis code, which is based on the same assumptions as the
model atmosphere program of Tsuji (1978) and has been used in
1 IRAF is distributed by National Optical Astronomy Observatories,
which are operated by the Association of Universities for Research in
Astronomy, Inc., with the cooperation of the National Science Founda-
tion
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Table 2. Stellar parameter and comparison with previous studies
Star Teff1 [Fe/H] log g2 ξ ∆ Teff ∆ [Fe/H] ∆logg ∆ ξ V K Prev. Study
(K) (dex) (dex) (km s−1) (K) (dex) (dex) (km s−1)
S 10-14 4620 −2.82 1.02 2.52 0 −0.12 −0.18 +0.30 17.64 15.08 Aoki et al. (2009a)
S 11-13 4430 −2.82 0.86 2.28 +30 −0.02 +0.26 −0.12 17.53 14.71 Aoki et al. (2009a)
S 49 4390 −3.06 0.86 2.56 +65 −0.21 +0.76 +0.06 17.52 14.67 Shetrone et al. (2001)
S 24-72 4340 −2.90 0.74 2.72 −90 +0.03 −0.01 +0.52 17.35 14.42 Tafelmeyer et al. (2010)
S 11-04 4230 −2.85 0.62 2.85 −90 +0.09 +0.05 +0.65 17.23 14.13 Tafelmeyer et al. (2010)
HD 88609 4550 −2.97 0.91 2.60 0 +0.09 −0.19 +0.08 8.62 6.01 Honda et al. (2007)
Notes. The difference is taken as our results minus other works.
(1) from V-K (Hernández & Bonifacio 2009)
(2) computed from standard relation between absolute bolometric magnitude, temperature, and mass.
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Table 3. Abundance changes from changing stellar parameters for S 49
∆ Teff ∆ [Fe/H] ∆log g ∆ ξ
Species +150K −150K +0.3 −0.3 +0.3 −0.3 +0.5 −0.5
Mg I 0.15 −0.15 −0.02 0.03 −0.06 0.06 −0.04 0.06
Ca I 0.09 −0.09 −0.01 0.02 −0.03 0.03 −0.03 0.06
Sc II 0.11 −0.10 −0.03 0.02 0.07 −0.06 −0.19 0.21
Ti I 0.18 −0.21 −0.01 0.00 −0.04 0.04 −0.02 0.04
Ti II 0.06 −0.08 0.01 0.00 0.07 −0.06 −0.13 0.19
Cr I 0.17 −0.19 −0.05 0.03 −0.09 0.10 −0.05 0.07
Mn I 0.18 −0.19 −0.18 0.16 −0.07 0.08 −0.07 0.07
Fe I 0.20 −0.27 −0.04 0.02 −0.05 0.06 −0.13 0.19
Fe II 0.00 −0.01 0.01 0.00 0.08 −0.07 −0.12 0.18
Ni I 0.14 −0.14 0.00 0.04 −0.04 0.06 −0.05 0.09
Zn I 0.04 −0.03 0.01 −0.01 0.06 −0.04 −0.01 0.03
Sr II 0.13 −0.12 −0.09 0.07 0.03 −0.04 −0.20 0.24
Ba II 0.13 −0.10 0.00 0.01 0.04 −0.02 −0.06 0.09
Notes. The difference is taken as the abundance measured after changing the stellar parameters minus our final abundance. For Mn, the abundance
difference from S 11-13 are taken.
previous studies (e.g., Aoki et al. 2009b). The line list is given in
Table A.1.
3.1. Stellar parameters
Among the stellar parameters, we estimate effective tempera-
ture (Teff) from the color (V − K), adopting the K magnitude
and V magnitude from the SIMBAD astronomical database2
(Wenger et al. 2000) for the three target stars. We used V −
K since the temperature scales are less dependent on metal-
licity and molecular absorption in giant stars. We estimated
Teff from the color–temperature relation for giant stars by
Hernández & Bonifacio (2009). Different extinction for fore-
ground reddening was estimated for different stars in the range
0.01<E(B−V)< 0.05. The uncertainty of Teff due to photometry
errors (about 0.1 mag) and uncertainty of reddening (0.05 mag)
is about 100 K. Including the uncertainty of the Teff scale, we
adopt 150 K as the uncertainty that is applied to estimate abun-
dance errors.
Surface gravity (log g) was determined using the following
relation with effective temperature, mass, and bolometric mag-
nitude:
log g∗ = log g⊙+ log
M∗
M⊙
+4 log
Teff∗
Teff⊙
+0.4 (MBol∗ − MBol⊙) , (1)
where log g⊙ = 4.44, Teff⊙ = 5790K, and MBol⊙ =4.74
for solar values and M∗ = 0.8M⊙ for the mass of the
RGB stars are adopted. We calculated the absolute bolomet-
ric magnitude (MBol∗) of the stars using the calibration for
the bolometric correction from Alonso et al. (1999). We as-
sume 90 kpc for the distance to the Sextans dwarf galaxy
(Karachentsev & Karachentseva ????). We estimated the uncer-
tainty of log g adopting errors of stellar mass (10%), Teff (150K),
and Mbol (0.3 mag), resulting in 0.22 dex. We adopt 0.3 dex as
the uncertainty that is applied to estimate the abundance error.
We adjusted micro-turbulence (ξ) so that the Fe abundances
derived from individual lines do not show systematic differences
2 SIMBAD Astronomical Database:
http://simbad.u-strasbg.fr/simbad/
depending on the strength of the Fe i lines. By changing ξ, the
trend appears in Fe abundance against the equivalent width. The
uncertainty of ξ is estimated when this trend in the Fe abundance
becomes larger by 1 σ.
Finally, we determined metallicity ([Fe/H]) from the final
averaged abundance of Fe i. The errors are estimated from the
scatter of Fe abundances derived from individual Fe I lines. Stel-
lar parameters of the targets and their comparison with previous
studies are summarized in Table 2. Some of the stellar param-
eters are different from those found in previous studies, which
would affect the results of chemical abundances. The difference
in chemical abundance and possible effects of the stellar param-
eters are discussed in the sections below.
We re-analyzed the spectrum of HD 88609 obtained by
Honda et al. (2007). This is a cool red giant with a similar metal-
licity to the stars of our Sextans sample, and was well studied by
previous works. The effective temperature for this object is taken
from Honda et al. (2007), and other parameters are derived from
the analysis of the high-resolution spectrum as done for the Sex-
tans sample. The stellar parameters of this star obtained here are
compared to those obtained by Honda et al. (2007) in Table 2.
3.2. Abundance measurements and error estimates
In our error estimates, we investigate the systematic difference
in chemical abundances that occurs with uncertainties of model
atmosphere parameters. The effects of changes of stellar param-
eters on the abundances are given in Table 3 for S 49. We expect
that the other stars from the sample show similar behavior be-
cause they have similar stellar parameters, and we apply these
parameters for error estimates of all the stars of our sample. Ta-
ble 3 shows differences in abundance measurements by chang-
ing ±150 K for Teff, ±0.3 dex for log g, ±0.3 dex for [Fe/H],
and ±0.5 km−1 for ξ. The abundance of elements increases when
a higher Teff is assumed, while it decreases when a higher ξ is
assumed. On the other hand, the effects of [Fe/H] and log g are
generally different for abundances of neutral and ionized species.
The abundances derived from neutral species are generally lower
when higher [Fe/H] and log g are adopted, while the opposite is
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Table 4. Elemental abundances
Star Elem. FeI FeII C MgI CaI ScII TiI TiII CrI MnI NiI ZnI SrII YII BaII EuII
S 10-14 logǫ 4.68 4.38 5.69 4.85 3.65 0.05 <2.27 2.10 2.43 2.71 3.40 . . . −1.00 < − 0.96 −2.16 . . .
N 29 3 2 3 1 1 3 5 3 2 1 . . . 2 1 2 . . .
[X/Fe] . . . . . . 0.08 0.07 0.13 −0.28 <0.14 −0.03 −0.39 0.10 0.00 . . . −1.05 < −0.35 −1.52 . . .
σ/
√
(N) 0.06 0.05 . . . 0.10 0.31 0.31 0.12 0.17 0.22 0.31 . . . 0.22 0.22 . . .
err . . . . . . 0.32 0.21 0.39 0.35 0.24 0.23 0.30 0.36 . . . 0.28 0.30 . . .
S 11-13 logǫ 4.68 4.84 5.34 4.93 3.70 0.12 2.16 2.17 2.30 2.15 3.34 2.25 −1.34 < −1.24 −2.30 . . .
N 55 4 2 3 3 4 3 14 4 1 1 1 1 1 2 . . .
[X/Fe] . . . . . . −0.27 0.15 0.18 −0.21 0.03 0.04 −0.52 −0.46 −0.06 0.51 −1.39 < −0.63 −1.66 . . .
σ/
√
(N) 0.04 0.09 . . . 0.11 0.05 0.04 0.05 0.05 0.07 0.29 0.29 0.29 0.29 0.21 . . .
err . . . . . . 0.31 0.21 0.24 0.17 0.18 0.20 0.17 0.36 0.34 0.41 0.34 0.29 . . .
S 49 log ǫ 4.44 4.56 5.15 4.74 3.57 −0.02 <1.96 2.03 2.14 . . . 3.05 2.02 −1.08 . . . −2.13 < −2.25
N 29 3 2 3 3 2 3 7 3 . . . 1 1 2 . . . 1 1
[X/Fe] . . . . . . −0.22 0.20 0.29 −0.11 < 0.07 0.14 −0.44 . . . −0.11 0.52 −0.89 . . . −1.25 < 0.29
σ/
√
(N) 0.04 0.08 . . . 0.12 0.03 0.17 0.08 0.10 . . . 0.24 0.24 0.17 . . . 0.24
err . . . . . . 0.31 0.22 0.23 0.24 0.21 0.18 . . . 0.30 0.38 0.24 . . . 0.32
S 24-72 log ǫ 4.60 4.45 6.40 4.88 3.54 0.11 1.85 2.28 2.41 2.22 3.35 2.09 −1.03 . . . −2.04 < −2.60
N 45 3 2 3 4 2 4 5 3 3 1 1 1 . . . 3 1
[X/Fe] . . . . . . 0.87 0.18 0.10 −0.14 −0.20 0.23 −0.33 −0.31 0.03 0.43 −1.00 . . . −1.32 < −0.22
σ/
√
(N) 0.03 0.09 . . . 0.05 0.07 0.14 0.07 0.04 0.06 0.05 0.20 0.20 0.20 . . . 0.12
err . . . . . . 0.36 0.19 0.24 0.22 0.18 0.20 0.16 0.21 0.26 0.35 0.26 . . . 0.23
S 11-04 log ǫ 4.66 5.17 4.84 5.03 3.68 0.17 2.04 2.38 2.56 2.09 3.12 2.09 −0.62 . . . −1.67 < −2.67
N 44 3 2 3 5 2 8 5 4 2 1 1 2 . . . 2 1
[X/Fe] . . . . . . −0.74 0.28 0.19 −0.13 −0.06 0.28 −0.23 −0.49 −0.25 0.38 −0.64 . . . −1.00 < −0.34
σ/
√
(N) 0.02 0.01 . . . 0.025 0.05 0.11 0.04 0.04 0.01 0.11 0.15 0.15 0.11 . . . 0.11
err . . . . . . 0.33 0.18 0.23 0.19 0.17 0.20 0.15 0.23 0.23 0.33 0.20 . . . 0.23
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true for the ionized species. The exceptions to this rule are the
abundances derived from Zn i and Sr ii for changes of [Fe/H].
We measured the abundances of elements from magnesium
(Mg) to barium (Ba) in the present study. Details of the abun-
dance measurements for individual species are given in Sects.
3.3–3.5. The abundance of Sr is measured for the first time in
all three targets. For those elements with several absorption lines
available in our spectra, the averaged abundances from individ-
ual lines are taken as the final results. For those that have only
one or a few measurable lines, we applied the spectrum synthe-
sis technique. The effects of hyperfine splitting were taken into
account in the analysis of Ba assuming the r-process isotope ra-
tios (McWilliam 1998). To derive the [X/Fe] values, we used
the Solar-System abundances obtained by Asplund et al. (2009).
Abundance and equivalent width of individual lines are given
in Table A.1 and the final abundances adopted are summarized
in Table 4. In the following sections, we compare our abun-
dances to those found in previous studies (Aoki et al. 2009a;
Shetrone et al. 2001).
The errors of derived abundances are estimated from the ran-
dom errors and those due to uncertainties of stellar parameters.
Random errors estimated for each species are σ/
√
(N), where σ
is the standard deviation of abundances derived from individual
lines and N is the number of lines used (Table 4). For elements
that have only one or two available lines, the standard deviation
of Fe from individual Fe I lines is adopted. The error due to un-
certainties of stellar parameters is estimated for [X/Fe] values
for element X. Namely, the changes of [X/Fe] by changing stel-
lar parameters are calculated using the results given in Table 3.
We also derive the error of [Sr/Ba] in the same manner. The ran-
dom errors and errors due to uncertainties of stellar parameters
are added in quadrature to derive the total errors in our analysis.
To verify the consistency of our analysis, we apply the
adopted stellar abundance analysis technique to the thoroughly
investigated star, HD 88609. There is no significant difference
between our measurement and those of previous studies of
HD 88609 (Honda et al. 2007).
For C abundances, we estimate the errors by spectrum syn-
thesis of the CH bands. We include the change of the abundance
due to possible changes in continuum level, and the effect of
changing the Teff by ±150 K.
3.3. Re-analysis of S 24-72 and S 11-04
Tafelmeyer et al. (2010) measured the chemical abundance in-
cluding Sr and Ba in S 24-72 and S 11-04. These latter au-
thors obtained their spectra with the high-dispersion spectro-
graph UVES at VLT, and the abundance ratios of [Sr/Fe] and
[Ba/Fe] in the two stars show good agreement. To combine the
available data for these two stars with our results for S 10-14,
S 11-13, and S49, we apply our analysis procedure to the UVES
spectra of S 24-72 and S 11-04 provided by the ESO archive.
The high-resolution spectra used for this re-analysis were ob-
tained from Program ID 079.B-0672A and 081.B-0620A.
We normalized the data in the same manner as for HDS
data using IRAF, and applied the ATLAS/NEWODF models for
abundance measurements. The stellar parameters were also esti-
mated in the same manner; Teff from the (V − K), adopting the
K magnitude and V magnitude from Tafelmeyer et al. (2010).
Here, log g was calculated from the photometric relation and
[Fe/H] and ξ were derived from the standard LTE analysis of
Fe i and Fe ii lines. The Teff of our estimation is 90 K lower than
that of Tafelmeyer et al. (2010) for both stars. As we applied the
same calculation to derive log g as Tafelmeyer et al. (2010), the
 0.0
 0.2
 0.4
 0.6
 0.8
 1.0
5182.0 5182.5 5183.0 5183.5 5184.0 5184.5 5185.0
MgI
↑
Co
un
t
Wavelength [Å]
Fig. 1. Observed Mg line of S 49 at 5183 Å (dots). The red solid line
shows our synthetic spectra fitting. The blue dashed line shows the cal-
culated line using the stellar parameter and the equivalent width derived
by Shetrone et al. (2001).
difference in logg is very small. We also measured the chemical
abundance using the line list adopted for our three target stars
instead of using the line list adopted by Tafelmeyer et al. (2010).
Tafelmeyer et al. (2010) used DAOSPEC3 to normalize their
data, and used the MARCS4 spherical model atmosphere.
Tafelmeyer et al. (2010) estimated the photometric temperature
from V − I, V − J, V − H, and V − K using the calibration of
Ramírez & Meléndez (2005). Tafelmeyer et al. (2010) also re-
stricted the Fe lines to excitation potentials larger than 1.4 eV,
because Fe i lines with low excitation potential could be affected
by NLTE effects. Our estimated stellar parameters and compar-
isons with Tafelmeyer et al. (2010) are summarized in Table 2.
In the following sections, we compare the abundances
of individual elements with the abundances found by
Tafelmeyer et al. (2010), along with our three targets.
3.4. Elements up to neutron capture elements
3.4.1. Carbon
Carbon abundance is measured using spectrum synthesis of the
CH band at 4315 Å and 4324 Å. We estimate the [O/Fe]=0, and
adopt the CH line list by Masseron et al. (2014). The C abun-
dance ratios of the three stars observed with Subaru are close
to solar abundance ratio or lower overall, and are comparable to
those of evolved stars with lower temperature and lower grav-
ity. The abundance ratio of S 11-04 is also low ([C/Fe]=−0.74),
and is comparable to what Tafelmeyer et al. (2010) measured
([C/Fe]=−0.91). S 24-72 is the only C-enhanced star in our sam-
ple ([C/Fe]=0.87), and its enhancement is as also suggested by
Tafelmeyer et al. (2010) ([C/Fe]=0.49).
3.4.2. α−elements
We measured Mg, Ca, and Sc as elements that represent the
α−elements. The Mg abundances were determined from one to
three lines of 4571, 4702, 5183, and 5528 Å. The line at 5172
Å is not used because of the effect of the bad column on the
3 DAOSPEC was written by P. Stetson for the Dominion Astrophysi-
cal Observatory of the Herzberg Institute of Astrophysics, National Re-
search Council, Canada.
4 http://marcs.astro.uu.se/
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Fig. 2. [Mg/Fe] and [Ca/Fe] as a function of [Fe/H]. The Sextans stars measured in this study are shown by diamonds with error bars, while
previously studied Sextans stars ([Fe/H]< −2.5) are depicted as circles (Aoki et al. 2009a; Honda et al. 2011; Kirby et al. 2010). The abundances
of Galactic halo stars are shown by asterisks taken from the SAGA database (Suda et al. 2008).
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Fig. 3. [Ca/Fe] as a function of [Mg/Fe]. The Sextans stars measured in
this study are shown by diamonds with error bars, while measurements
by Aoki et al. (2009a) are depicted as circles.
CCD. The abundances from individual lines show fairly good
agreement with each other. The line at 5183 Å is the only one
commonly used by the two latter-mentioned studies and ours.
The equivalent widths of 5183 Å we measured for S 10-14
and S 11-13 are very similar, with a difference of around ±5
mÅ from those obtained by Aoki et al. (2009a). Other lines
commonly used for our measurement and that of Aoki et al.
(2009a) also have similar equivalent widths, with the largest dif-
ference being ∼15 mÅ for 4571 Å in S 11-13. The [Mg/Fe] ra-
tios of S 10-14 and S 11-13 are ∼ 0.20 dex larger than those
reported by Aoki et al. (2009a), but we still confirm the low
[Mg/Fe] ratios compared to the typical values for Galactic halo
stars (e.g., ∼ 0.4 dex). On the other hand, Shetrone et al. (2001)
report a high [Mg/Fe] = 0.41 for S 49 due to their large equiv-
alent width, while we obtain a relatively low abundance ratio
for this star as well ([Mg/Fe] = 0.20). This large difference
is partially explained by the relatively large difference in the
adopted stellar parameters. According to the error estimates (Ta-
ble 3), our abundance could be lower than that of Shetrone et al.
(2001) by −0.06 dex due to the adopted parameter. Another
possible reason for the difference is the equivalent width that
Shetrone et al. (2001) measured. The equivalent widths of our
measurement for the 4702 Å and 5183 Å lines are 48.5 mÅ and
186.5mÅ, while Shetrone et al. (2001) measure 88 mÅ and
229.5 mÅ, respectively. Figure 1 shows the observed Mg line of
S 49 at 5183 Å compared with a synthetic spectrum correspond-
ing to the equivalent width of ours and that of Shetrone et al.
(2001). We suspect that the measurement of the equivalent width
of the line used by Shetrone et al. (2001) is an overestimate.
For S 24-72 and S 11-04, we used three lines (5172, 5183,
and 5528 Å) to derive the Mg abundances. Tafelmeyer et al.
(2010) also used the same lines, and our abundance ratios
[Mg/Fe] agree very well with their results. The [Mg/Fe] for the
two stars also agree with the [Mg/Fe] of the three targets ob-
served with Subaru HDS. The abundance ratios including other
low-metallicity stars in the Sextans dwarf galaxy and field halo
stars are shown in Figure 2.
The Ca abundances of the three stars observed with Subaru
are derived from one to three Ca I lines (4454, 4455, 5265, 5588
Å), while in S 24-72 and S 11-04, we use three and five lines,
respectively, in λ > 5588 Å. The abundance ratios compared
with other stars in the Sextans dwarf galaxy and halo stars are
shown in Figure 2. There is no line in common with the previous
studies since Aoki et al. (2009a) and Shetrone et al. (2001) use
lines in the longer wavelength range (> 6000 Å). [Ca/Fe] of S 49
obtained by our analysis is higher than that of Shetrone et al.
(2001) ([Ca/Fe]= 0.08 ± 0.23). However, this could be due to
the lower Fe abundance derived by our study. The logǫ(Ca) is
similar to their result.
Aoki et al. (2009a) discussed in their paper that the stars with
low [Ca/Fe] ratios are found with low [Mg/Fe] values. Our mea-
surements of [Ca/Fe] and [Mg/Fe] reveal a similar trend, al-
though our [Mg/Fe] and [Ca/Fe] for S 10-14 and S-11-13 are
both slightly higher than those of Aoki et al. (2009a). Figure 3
shows this trend for the five stars that we measure in this work
along with the other stars measured by Aoki et al. (2009a). The
object with the highest Mg and Ca abundances is S15-19, which
is well separated from the others (Aoki et al. 2009a) and has
abundance ratios typically found in the Milky Way.
The Sc abundances are determined from one to four lines of
4314, 4374, 4400, and 4415 Å for the HDS targets. The abun-
dances from individual lines show relatively good agreement
with each other. Aoki et al. (2009a) only measured the Sc abun-
dance for S 11-13, using a line at 5526 Å. This line is not mea-
surable in our data. The [Sc/Fe] ratio of the star is ∼ 0.07 dex
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Fig. 4. Observed Sr line of S 11-04 at 4215 Å (dots). The red solid line
shows the synthetic spectra for the abundance derived by our analysis.
The blue dashed lines are the spectra calculated after changing the Sr
abundance by ±0.5 dex. The green dot-dashed line shows a spectrum
calculated as the equivalent width obtained by Tafelmeyer et al. (2010)
is reproduced.
smaller than that reported by Aoki et al. (2009a). Shetrone et al.
(2001) do not report on the Sc abundance of S 49. Therefore, this
study is the first to report the Sc abundance of S 10-14 and S 49.
For S 24-72 and S 11-04, we used 5031 and 5526 Å to de-
rive the Sc abundances. Tafelmeyer et al. (2010) also used the
same lines. The equivalent widths agree very well with the result
of these latter authors. The difference in [Sc/Fe] ratio is around
0.06 dex, indicating that our results agree very well with theirs.
3.4.3. Fe group elements
The abundance of Ti is only obtained from species in the neu-
tral and first ionization stages. Only the upper limit of Ti abun-
dance is obtained for S 10-14 and S 49 from Ti i lines. The
abundance ratios from Ti i and Ti ii lines of S 11-13 are in good
agreement with each other. For S 49, the abundance ratio [Ti/Fe]
by Shetrone et al. (2001) is −0.29 ± 0.15 dex, which is notably
lower than what we obtained, even considering the difference in
adopted stellar parameters. No Ti i lines were measured that are
common to both our study and that of Shetrone et al. (2001).
In the study by Tafelmeyer et al. (2010), large differences
were seen in the first and second ionization stages for S 24-72
and S 11-04; these latter authors find that the ratio of [Ti/Fe]
from Ti ii lines is ∼ 0.42 dex larger than that from Ti i lines. Our
measurements for S 24-72 and S 11-04 also show similar differ-
ences (Table 4).
The Cr i lines at 4254, 5345 and 5409 Å are used for all three
targets, whereas 4289 Å is also used for S 11-13. The abundance
ratios of [Cr/Fe] of the three stars are in good agreement with
each other. The Cr abundance of S 24-72 and S 11-04 was mea-
sured using three or four lines at 5256, 5208, 5345, and 5409 Å.
The Cr abundances of all five stars are in good agreement with
those of previous studies, and we also note that the abundance
ratios are in good agreement with those of metal-poor red giant
stars in the Galactic halo.
The Mn abundance was measured using one or two lines at
4048, 5407, and 5420 Å for S 10-14 and S 11-13. Aoki et al.
(2009a) do not report on Mn abundance. The Mn abundance
of S 49 cannot be measured in our study, while Shetrone et al.
(2001) measure its upper limit. The [Mn/Fe] ratio of S 10-14 is
higher than that of the other targets including S 24-72 and S 11-
04, but the ratio is still within the typical values for metal-poor
Galactic halo stars.
The Mn abundance of S 24-72 and S 11-04 was measured
using two to three lines at 4041, 4783, and 4823 Å. The abun-
dances measured using individual lines are in good agreement
with each other. Tafelmeyer et al. (2010) only used the line at
4823 Å, and the equivalent widths measured by these latter au-
thors agree well with our measurements. The [Mn/Fe] ratios are
also in good agreement.
The abundance of Ni was measured using a single Ni i line
at 5476 Å for all three targets. This was also done for S 11-
13 and S 49 by Aoki et al. (2009a) and Shetrone et al. (2001).
The abundance ratio [Ni/Fe] that we obtain is lower for both
stars compared to these two latter-mentioned studies. For S 49,
the difference is larger than the error. The equivalent width that
these latter two groups measured for 5476 Å is 116 mÅ, which is
∼46 mÅ larger than ours. As mentioned for Mg, the equivalent
widths measured by Shetrone et al. (2001) are overall larger than
our measurements, and lead to larger abundances (except for Ca;
but the difference is within the error and could be due to the
difference in metallicity).
Using the same single line, we measured the abundance of
Ni for S 24-72 and S 11-04. Our [Ni/Fe] ratios are smaller than
those of Tafelmeyer et al. (2010) by −0.20 and −0.19 for S 24-
72 and S 11-04, respectively. Our equivalent widths measured
for both stars are in good agreement. The difference in [Ni/Fe]
of S 24-72 can be explained by the difference in applied stellar
parameters. A relatively large difference is found in ξ and Teff
which results in a lower Ni abundance according to our error
estimate (Table 3).
We obtained the abundance of Zn for two targets, S 11-13
and S 49, with a single Zn i line at 4810 Å. This element was
not measured by Aoki et al. (2009a) and only an upper limit was
estimated for S 49 by Shetrone et al. (2001) using the same line.
The same line was used for S 24-72 and S 11-04 to obtain the Zn
abundance in the present study, whereas Tafelmeyer et al. (2010)
did not measure this element. Overall, the abundance ratios are
in good agreement with those of metal-poor red giant stars in the
Galactic halo.
3.5. Neutron-capture elements
We obtained Sr and Ba abundances for our targets in the Sextans
dwarf galaxy and comparison stars. We also estimated the upper
limits of Y and Eu. The results are given in Table 4. The upper
limits estimated for the two elements are not very meaningful
because of the limited quality of our spectra and the low abun-
dances expected for these elements from Sr and Ba abundances.
An overall summary of Sr and Ba abundances is given in Table 5.
We measured the abundance of Sr using the two Sr ii lines at
4078Å and 4216Å, which is the first time this has been achieved
for S10-14, S 11-13, and S 49. The logǫ(Sr) of the three stars
are in good agreement with each other. We used the same two
lines to obtain the Sr abundance of S 24-72 and S 11-04. The
[Sr/Fe] of S 24-72 is in good agreement with that of three of
the stars in the sample, while the [Sr/Fe] of S 11-04 is slightly
higher than the other four stars. The [Sr/Fe] values measured by
Tafelmeyer et al. (2010) for S 24-72 and S 11-04 are −0.21±0.35
and−0.01±0.40, respectively, which are considerably larger than
what we obtain for the same stars, even considering the differ-
ence in the stellar parameters.
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Fig. 5. Abundance of Fe i derived from individual lines in HD 88609
as a function of wavelength. There is no trend of abundance with wave-
length, since scattering is taken into account in our model.
Figure 4 shows the Sr line for S 11-04 at 4215 Å compared
with the synthetic spectra corresponding to the equivalent widths
of ours and of Tafelmeyer et al. (2010). The equivalent width
that we measure for Sr is not very different from that measured
by these latter authors, suggesting that the difference in the stel-
lar parameters could be the reason for the difference in abun-
dance.
According to our error estimates (Table 3), the abundance of
Sr ii is relatively sensitive to stellar parameters. The difference
in the value of the parameters between the two studies could re-
sult in a difference in Sr abundance for S 24-72 of ∼ −0.34 dex
according to our error estimates. Similarly, for S 11-04, the rel-
atively large difference in its parameters could change the Sr
abundance of S 11-04 by −0.40 dex. However, these differences
cannot fully explain the large difference between the [Sr/Fe] that
we obtain and that of Tafelmeyer et al. (2010), and a 0.4 dex dif-
ference remains.
It should be noted that the treatment of scattering in the opac-
ity calculations in the spectrum synthesis code is discussed in
Tafelmeyer et al. (2010) in detail. We presume that this is not
the reason for the discrepancy of Sr (and Ba) abundances be-
cause (1) scattering is included in the opacity calculation in our
analysis; (2) no clear dependence of derived Fe abundances on
the wavelengths of spectral lines is found in the analysis for
HD 88609 (as shown in Fig. 5), in contrast to the dependence
found by Tafelmeyer et al. (2010), where these latter authors do
not include the effect of scattering; and (3) the Sr abundance
derived by our analysis is lower than those of Tafelmeyer et al.
(2010), whereas higher abundances are expected if the effect of
scattering is not included according to their inspection.
The Sr abundance derived for the comparison star HD 88609
in our analysis is in good agreement with those of Honda et al.
(2004) and Honda et al. (2007). The differences between their
results and ours are smaller than 0.1 dex. Hansen et al. (2012)
obtained a higher Sr abundance for this object by about 0.3 dex.
This is at least partially explained by the difference of microtur-
bulent velocity: our value is 0.7 kms−1 larger than that of these
latter authors, which could result in an abundance that is lower
by about 0.3 dex.
Although there remains a discrepancy between our results
for S24-72 and S11-04 and those of Tafelmeyer et al. (2010), we
expect that our results can be combined with those of the other
three stars to which the same analysis technique is applied. A
comparison of [Sr/Fe] in the red giant stars of the Galactic halo
is shown in Figure 6. Sr is clearly under-abundant in these stars
in the Sextans dwarf galaxy compared to the average abundance
ratio of field stars. The possible offset between our results and
those of previous studies should be noted, taking into account
the discrepancy in derived Sr abundance between our analysis
and that of Tafelmeyer et al. (2010). Nevertheless, the possible
offset is at the level of 0.4 dex, which does not affect the above
result showing that Sr is under-abundant in the Sextans stars.
We obtained the abundance of Ba whilst taking the ef-
fect of hyperfine splitting into consideration (McWilliam 1998).
Aoki et al. (2009a) measured the abundance of Ba from two lines
at 4934 Å and 6141 Å. These latter authors did not use the line
at 4554 Å because it is affected by a bad column on the CCD.
Shetrone et al. (2001) measured the Ba abundance of S 49 from
two lines at 5853 and 6141 Å without considering the effect of
hyperfine splitting. We measured the Ba abundance of S 24-72
and S 11-04 using 4934, 6141, and 6496 Å, including the ef-
fect of hyperfine splitting. The differences in [Ba/Fe] and [Sr/Ba]
abundance ratios between ours and previous studies are given in
Table 5. The [Ba/Fe] of S 24-72 and S 11-04 is compared with
other stars in the Sextans dwarf galaxy and halo stars in Fig-
ure 6. Ba is also under-abundant in these stars in the Sextans
dwarf galaxy.
Tafelmeyer et al. (2010) showed that S 24-72 and S 11-04
have similar [Sr/Ba] abundance ratios (∼0.8 dex). Since we ob-
tained a lower Sr abundance, the Sr/Ba abundance ratio we mea-
sure is lower than that of Tafelmeyer et al. (2010). We adopt the
result obtained by our analysis which was also applied to the
abundance measurements for S 10-14, S 11-13, and S 49 ob-
served in the present work. The standard deviations for [Sr/Fe]
and [Ba/Fe] for the five Sextans stars analyzed here are 0.27 and
0.25 dex, respectively. These values are similar to the errors es-
timated for [Sr/Fe] and [Ba/Fe], which are 0.26 and 0.27 dex,
on average, respectively. This indicates that we find no intrinsic
scatter in these abundance ratios for the five stars studied here.
The upper limit of the scatter would be comparable to the av-
erage errors estimated. As for [Sr/Ba], the standard deviation of
the five Sextans stars is 0.07 dex, while the estimated error is
0.32 dex. Clearly, no intrinsic scatter of the abundance ratios is
found in our results. The fact that the scatter of [Sr/Ba] is smaller
than the errors possibly indicates that the errors are overesti-
mated in our study, but we can still conclude that intrinsic scatter
is not found.
As we point out in Sect.1, abundance ratios of neutron-
capture elements (e.g., [Sr/Ba]) confer an advantage for chem-
ical tagging, because their abundance ratio could be sensitive to
the enrichment by preceding nucleosynthesis events, which re-
sults in a large scatter in metal-poor stars in the Milky Way halo.
Figure 7 shows the relation between [Sr/Ba] and metallicity of
our five Sextans dwarf galaxy stars and the stars in the Milky
Way halo which show a large scatter. On the contrary, the five
Sextans dwarf galaxy stars show very good agreement in the
[Sr/Ba] ratio. In the following section, we discuss the possible
reasons for the clustering of [Sr/Ba].
4. Discussion
4.1. Clustering of abundance ratios
The abundance analysis for five extremelymetal-poor stars in the
Sextans dwarf galaxy confirms the clustering of abundances of
Mg, Ca, and Ba as found by previous studies (Aoki et al. 2009a;
Tafelmeyer et al. 2010). Here we focus on the abundance ratios
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Fig. 6. [Sr/Fe] and [Ba/Fe] as a function of [Fe/H]. The Sextans stars measured in this study are shown by diamonds with error bars; open diamonds
are our target stars observed by Subaru HDS while filled diamonds are re-analyzed stars taken from the VLT archive. Previously studied Sextans
stars are depicted by circles (Shetrone et al. 2001; Aoki et al. 2009a). The abundances of Galactic halo stars are shown by asterisks taken from the
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Fig. 7. [Sr/Ba] as a function of [Fe/H] and [Ba/H]. The Sextans stars measured in this study are shown by diamonds with error bars; open diamonds
are our target stars observed by Subaru HDS while filled diamonds are re-analyzed stars taken from the VLT archive. Blue symbols show 98 halo
RGB stars that have similar metallicity (−3.22 < [Fe/H] < −2.65) and [Ba/Fe] (−1.95 <[Ba/Fe] < −0.77) to the five stars. The right panel shows
the histogram of [Sr/Ba] for the 98 halo stars. The range of the ratio (0.2< [Sr/Ba] <0.6) is shaded in blue, in which we see clumping of [Sr/Ba]
with our five Sextans dwarf galaxy stars.
Table 5. Abundance ratios of our work and comparison with previous studies
Star [Sr/Fe] [Ba/Fe] [Sr/Ba] [Ba/H] ∆[Sr/Fe] ∆[Ba/Fe] ∆ [Sr/Ba] Ref.
S 10-14 −1.05 ± 0.28 −1.52 ± 0.30 0.47 ± 0.36 −4.34 ± 0.23 . . . −0.18 . . . (1)
S 11-13 −1.39 ± 0.33 −1.66 ± 0.29 0.27 ± 0.40 −4.48 ± 0.21 . . . −0.32 . . . (1)
S 49 −0.89 ± 0.24 −1.25 ± 0.32 0.36 ± 0.34 −4.31 ± 0.25 . . . −0.20 . . . (2)
S 24-72 −1.00 ± 0.26 −1.32 ± 0.23 0.32 ± 0.29 −4.22 ± 0.13 −0.79 −0.22 −0.57 (3)
S 11-04 −0.64 ± 0.19 −1.00 ± 0.23 0.36 ± 0.23 −3.85 ± 0.12 −0.63 −0.15 −0.48 (3)
HD 88609 −0.20 ± 0.20 −1.03 ± 0.22 0.83 ± 0.22 −4.00 ± 0.09 −0.15 −0.22 0.07 (4)
Notes. The difference is taken as our results minus those of other works.
References. (1) Aoki et al. (2009a); (2) Shetrone et al. (2001); (3) Tafelmeyer et al. (2010); (4) Honda et al. (2007)
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Fig. 8. [Sr/Ba] as a function of [Ba/H], showing a comparison be-
tween our results and those of previous studies. Stars in classical
dwarf spheroidal galaxies are shown by squares for Carina (Venn et al.
2012), Draco (Cohen & Huang 2009), Sculptor (Starkenburg, E. et al.
2013; Jablonka et al. 2015), and Ursa Minor (Kirby & Cohen 2012;
Cohen & Huang 2010), and stars in ultra faint dwarf galaxies
are shown by triangles for Reticulum II (Ji et al. 2016), Coma
Berenices (Frebel et al. 2009), Leo IV (Simon et al. 2010), Triangu-
lum II (Kirby et al. 2017), Tucana II (Chiti et al. 2018), Horologium I
(Nagasawa et al. 2018), Bootes I (Ishigaki et al. 2014) and Ursa Ma-
jor II (Frebel et al. 2009). The asterisks show Milky Way halo stars.
The stars in dwarf galaxies and Milky Way halo stars shown here have
[Fe/H] between −3.22 and −2.65.
of Sr and Ba, which could provide a new examination of the
clustering of chemical abundance ratios in this galaxy.
The blue stars in Figure 6 are halo stars with−3.22 <[Fe/H]<
−2.65, which covers the metallicities of the five Sextans stars.
The right panels of Figure 6 show the distributions of [Sr/Fe] and
[Ba/Fe] for these halo stars. The regions corresponding to the
[Sr/Fe] and [Ba/Fe] values of the five Sextans stars are shaded in
blue.
Figure 7 shows that the five stars studied by the present work
have similar [Sr/Ba] ratios. This clumping is distinctive com-
pared to the [Sr/Ba] spread seen in the halo stars. The blue sym-
bols in Figure 7 show 98 halo RGB stars that have similar metal-
licity and [Ba/Fe] ratio to the five target stars (−3.22 < [Fe/H]
< −2.65 and −1.95 <[Ba/Fe] < −0.77), showing a very wide
spread of [Sr/Ba] from −0.6 up to 2.0. The stars are not uni-
formly spread, as can be seen in the histogram showing the dis-
tribution of [Sr/Ba] of those 98 halo RGB stars, with the peak
around [Sr/Ba]∼0.9. Interestingly, our five stars do not clump
at the peak but at lower [Sr/Ba] regions. The five stars lie in
the range 0.2<[Sr/Ba]<0.6 (highlighted bars in the histogram,
Figure 7). Within this range, there are 16 RGB halo stars out
of the selected 98 stars. If the five stars of our sample are as-
sumed to have a similar distribution of [Sr/Ba] to that of the
field halo stars with similar [Ba/Fe], the probability that the five
Sextans metal-poor stars clump in the range of 0.2<[Sr/Ba]<0.6
is (16/98)5−1 = 0.07%. If we adopt a wider range, namely
−0.2 <[Sr/Ba]<0.8, the number of RGB stars in the range is
44, and the probability estimated in the same manner is 4.06%.
This result indicates that the clustering of the [Sr/Ba] abundance
ratios of the five stars is significant, which is not explained if
the [Sr/Ba] distribution of halo stars is assumed. Similar esti-
mates of the probabilities that the five Sextans stars clump in the
ranges given above for [Sr/Fe] and [Ba/Fe] are as low as 0.1%.
It should be noted that the [Sr/Fe] and [Ba/Fe] values of very
metal-poor stars in dwarf galaxies are relatively low in general,
and therefore it might not be meaningful to calculate the proba-
bility assuming the distribution of these abundance ratios of halo
stars. By contrast, the [Sr/Ba] values of very metal-poor stars in
dwarf galaxies show a wide distribution (see below).
The clustering of [Sr/Ba] could be evidence that the five
metal-poor stars in the Sextans dwarf galaxy were formed in
an environment of homogeneous chemical composition. Our re-
sult does not prove that all the extremely metal-poor stars in this
galaxy were formed in an environment of homogenous compo-
sition since there is at least one other star studied by Aoki et al.
(2009a) with similar metallicity but with higher Mg and Ba
abundance (Figure 2 and 7). There could be more than one clus-
ter in this dwarf galaxy, but this has not yet been confirmed.
However, the fact that a group of extremely metal-poor stars in
the Sextans dwarf galaxy share a similar [Sr/Ba] ratio at least
provides constraints on the numerical simulation of possible hi-
erarchical formation and merger history of the Sextans dwarf
galaxy.
Such clustering of chemical abundance ratios in very metal-
poor stars is predicted by models of dwarf galaxy formation
(e.g., Bland-Hawthorn et al. 2010), which is in clear contrast to
the dispersion in field halo stars. The large and smooth distribu-
tion in abundance ratios for elements in the field halo stars could
be the result of combining a large number of clusters. More sam-
ples of clustering in elemental abundances for metal-poor stars
in dwarf galaxies would provide a means to strongly constrain
the scenario for Milky Way formation.
4.2. Sr and Ba abundances in dwarf galaxies
Figure 8 shows the relation between [Sr/Ba] and [Ba/H]
compared with Milky Way halo stars with metallicity
−3.22 <[Fe/H]< −2.65 and stars in other previously studied
dwarf spheroidal galaxies in the same metallicity range (Table
6). As mentioned by Tafelmeyer et al. (2010) , François et al.
(2007) described a strong anti-correlation between [Sr/Ba] and
[Ba/H]. In the Milky Way halo, [Sr/Ba] increases from a solar
abundance ratio to 1.0 ± 0.4 dex as [Ba/H] decreases from −3
to −4 dex. Below [Ba/H]=−5, there are fewer samples of stars
to show the trend, and other stars show lower abundance ratios.
Some objects in dwarf galaxies follow the anti-correlation trend,
but many others show lower [Sr/Ba] than the trend. We note that
within the same classical dwarf spheroidal galaxies, there is gen-
erally good agreement between stars in terms of [Ba/H], but the
number of stars studied for each galaxy is still too small. Our
measurements of Sr and Ba abundances for five stars in Sextans
are a first example of clustering of the abundance ratios includ-
ing neutron-capture elements.
The Milky Way halo stars in Figure 8 show not only the
strong anti-correlation but also a branch with [Sr/Ba]∼ 0, which
starts to extend at [Ba/H]∼−4. This is also apparent in the
dwarf galaxy stars, including the Sextans dwarf galaxy stars we
analyzed. This branch is also mentioned by Mashonkina et al.
(2017). These latter authors suggest that this branch is due to a
second producer of Sr which is independent of the production of
Ba and operated below [Ba/H] ∼−4. It is also possible that the
Sr and Ba of the stars that lie on this branch come from the same
origin. Interestingly, we can see that stars in ultra-faint dwarf
galaxies other than Reticulum II lie near this branch. Reticulum
II, an ultra-faint dwarf galaxy known to have enriched r-process
element abundance also shows clustering in Figure 8. In this fig-
ure, we selected those stars that have similar metallicity to our
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Table 6. [Sr/Ba] and [Ba/H] of stars in dwarf galaxies of Fig. 7
Classical dwarf spheroidal galaxies
Star [Sr/Ba] [Ba/H] Ref.
Car-1087 −0.49 −3.88 (1)
Car-7002 −0.23 −3.84 (1)
19219 −0.87 −3.61 (2)
19629 −0.60 −3.42 (2)
Scl_03_170 0.76 −3.68 (3)
Scl024_01 0.88 −3.15 (3)
scl_03_059 0.08 −3.49 (4)
UMiJI19 0.99 −4.29 (5)
UMi33533 1.24 −4.14 (5)
UMi20103 0.49 −3.98 (6)
Ultra faint dwarf galaxies
Star [Sr/Ba] [Ba/H] Ref.
DES_J033454-540558 −1.10 −1.37 (7)
DES_J033447-540525 −0.72 −1.83 (7)
DES_J033523-540407 −0.62 −2.22 (7)
DES_J033537-540401 −1.18 −1.33 (7)
DES_J033607-540235 −0.28 −2.06 (7)
ComBer-S2 0.33 −4.80 (8)
LeoIV-S1 0.43 −4.64 (9)
40 0.86 −5.29 (10)
TucII-06 −0.19 −4.20 (11)
TucII-011 0.30 −4.82 (11)
TucII-203 −0.10 −4.38 (11)
TucII-033 −0.15 −4.13 (11)
DESJ025535-540643 0.09 −3.93 (12)
Boo-094 −1.06 −4.28 (13)
UMaII-S1 0.68 −4.45 (8)
References. (1) Venn et al. (2012); (2) Cohen & Huang (2009);
(3) Starkenburg, E. et al. (2013); (4) Jablonka et al. (2015);
(5) Cohen & Huang (2010); (6) Kirby & Cohen (2012); (7) Ji et al.
(2016); (8) Frebel et al. (2009); (9) Simon et al. (2010); (10) Kirby et al.
(2017); (11) Chiti et al. (2018); (12) Nagasawa et al. (2018);
(13) Ishigaki et al. (2014)
sample stars. However, other stars in Reticulum II that show a
wide metallicity distribution show a small dispersion of [Sr/Ba]
(Ji et al. 2016). Given the wide metallicity distribution, the ho-
mogeneity of neutron-capture element ratios found in Reticu-
lum II could be due to different mechanisms from those that lead
to the clustering found in dwarf spheroidal galaxies.This homo-
geneity could be due to a single r-process event that has polluted
the whole progenitor of the ultra-faint dwarf galaxy.
The classical dwarf spheroidal stars, in general, have slightly
higher [Ba/H] than the majority of those in ultra-faint dwarf
galaxies. The stars with [Sr/Ba]> 0.0 (except for the Sextans
dwarf galaxy stars) lie on top of the thick anti-correlation trend
of the Milky Way halo stars. On the other hand, classical dwarf
spheroidal stars with negative [Sr/Ba] (two stars in Carina and
two in Draco) do not follow the anti-correlation trend and are
not found in the aforementioned branch. We note that within the
same dwarf galaxies, some stars have a similar Sr/Ba ratio, but
the number of stars studied is too small for a meaningful analysis
of clustering. On the other hand, Tucana II, an ultra faint dwarf
galaxy that has four stars in our range of [Fe/H] shows moderate
clustering in [Sr/Ba]. The majority of these stars are located in
the branch mentioned in the previous paragraph.
Overall, the stars in classical dwarf spheroidal galaxies do
not show the clear anti-correlation trend in [Sr/Ba] as a func-
tion of [Ba/H], which we see clearly in the Milky Way halo
stars. On the other hand, the abundance ratios of the ultra-faint
dwarf galaxy stars generally show an anti-correlation trend with
smaller inclination, from the lower part of the anti-correlation
on the Milky Way halo stars at higher [Ba/H] to the “branch” at
[Sr/Ba]∼ 0 at lower [Ba/H].
5. Summary
We analyzed the high-resolution spectra of five metal-poor red
giants ([Fe/H]< −2.8) in the Sextans dwarf spheroidal galaxy.
Three of the stars were observed with Subaru HDS, while two
stars were taken from the VLT archive. The abundances of eight
chemical elements were measured. The abundance of Sr was
measured for the first time in the three targets observed with
Subaru.
We have confirmed that, in general, the α/Fe abundance ra-
tios of dwarf galaxies are slightly lower than the average for stars
in the Galactic halo. The abundance ratios of Mg, Ca, and Ba for
the five stars of our sample show good agreement with one an-
other.
The Sr/Ba abundance ratios of the five metal-poor stars are
also in good agreement with each other. The clumping is dis-
tinctive compared to the [Sr/Ba] spread seen in the halo stars
with similar metallicity. The probability of such clumping of
[Sr/Ba] is very small if the [Sr/Ba] distribution of halo stars is
assumed. The clustering of [Sr/Ba] that we observe is good evi-
dence that these stars were formed in an environment of homo-
geneous chemical composition.
Previous studies of other dwarf spheroidal galaxies, includ-
ing ultra-faint dwarf galaxies generally, reveal two general trends
for the Milky Way halo stars. One is the [Ba/H] versus [Sr/Ba]
anti-correlation trend, and the other is the branch of stars at
[Ba/H]∼−4, with a flatter trend of [Sr/Ba]. Our results provide
constraints on the possible different nucleosynthesis origins for
Sr, which starts at [Ba/H]∼−4. Sextans dwarf galaxy stars lie at
the start of the branch, which could provide a hint to the forma-
tion and chemical origin of the Sextans dwarf galaxy.
Our results also provide a constraint on the formation and
chemical evolution of the Sextans dwarf galaxy and provide
clues as to the roles of dwarf galaxies as building blocks for mak-
ing large structures. Further surveys of metal-poor stars in dwarf
spheroidal galaxies, along with their kinematic measurements,
will improve our understanding of the role of dwarf galaxies
in the evolution of the Milky way. After this work was com-
pleted, to further chemical abundance studies of the Sextans
dwarf galaxy were submitted (Theler et al. 2019; Lucchesi et al.
2020, submitted). This dwarf galaxy may be a particularly in-
teresting future target as a relatively large number of its very
metal-poor stars have been observed.
Acknowledgements.
This research has made use of the SIMBAD database, operated at CDS, Stras-
bourg, France. MA acknowledges support from the IMPRS on Astrophysics at
the LMU München. PFR acknowledges support from the “Action Fédératrice
Etoiles” of the Paris-Meudon Observatory. We express our sincere gratitude to
Dr. Yuhri Ishimaru, who, although no longer with us, continues to inspire us with
her works. The early phase of this study is based on discussions with her.
Article number, page 12 of 19
M.Aoki et al.: Chemical abundance analysis of extremely metal-poor stars in the Sextans dwarf spheroidal galaxy
References
Alonso, A., Arribas, S., & Martínez-Roger, C. 1999, Astronomy and Astro-
physics Supplement Series, 140, 261
Aoki, W., Arimoto, N., Sadakane, K., et al. 2009a, Astronomy & Astrophysics,
502, 569
Aoki, W., Barklem, P. S., Beers, T. C., et al. 2009b, The Astrophysical Journal,
698, 1803
Asplund, M., Grevesse, N., Sauval, A., & Scott, P. 2009, Preprint, 909
Bland-Hawthorn, J., Karlsson, T., Sharma, S., Krumholz, M., & Silk, J. 2010,
The Astrophysical Journal, 721, 582
Castelli, F. & Kurucz, R. 2003, Modelling of Stellar Atmospheres (IAU Symp.
210), ed
Chiti, A., Frebel, A., Ji, A. P., et al. 2018, The Astrophysical Journal, 860
Cohen, J. G. & Huang, W. 2009, The Astrophysical Journal, 701, 1053
Cohen, J. G. & Huang, W. 2010, The Astrophysical Journal, 719, 931
Diemand, J., Kuhlen, M., & Madau, P. 2007, The Astrophysical Journal, 667,
859
Font, A. S., Johnston, K. V., Bullock, J. S., & Robertson, B. E. 2006, The Astro-
physical Journal, 646, 886
François, P., Depagne, E., Hill, V., et al. 2007, Astronomy & Astrophysics, 476,
935
Frebel, A., Simon, J. D., Geha, M., & Willman, B. 2009, The Astrophysical
Journal, 708, 560
Freeman, K. & Bland-Hawthorn, J. 2002, arXiv preprint astro-ph/0208106
Hansen, C. J., Primas, F., Hartman, H., et al. 2012, Astronomy & Astrophysics,
545, A31
Hawkins, K. & Wyse, R. F. 2018, Monthly Notices of the Royal Astronomical
Society, 481, 1028
Helmi, A., White, S. D., De Zeeuw, P. T., & Zhao, H. 1999, Nature, 402, 53
Hernández, J. G. & Bonifacio, P. 2009, Astronomy & Astrophysics, 497, 497
Honda, S., Aoki, W., Arimoto, N., & Sadakane, K. 2011, Publications of the
Astronomical Society of Japan, 63, S523
Honda, S., Aoki, W., Ishimaru, Y., & Wanajo, S. 2007, The Astrophysical Jour-
nal, 666, 1189
Honda, S., Aoki, W., Kajino, T., et al. 2004, The Astrophysical Journal, 607, 474
Ishigaki, M. N., Aoki, W., Arimoto, N., & Okamoto, S. 2014, Astronomy &
Astrophysics, 562, A146
Jablonka, P., North, P., Mashonkina, L., et al. 2015, Astronomy & Astrophysics,
583, A67
Ji, A. P., Frebel, A., Simon, J. D., & Chiti, A. 2016, The Astrophysical Journal,
830, 93
Karachentsev, I. & Karachentseva, V. ????, AJ, 127, 2031
Karlsson, T., Bland-Hawthorn, J., Freeman, K., & Silk, J. 2012, arXiv preprint
arXiv:1201.5376
Kirby, E. & Cohen, J. 2012, PhD thesis, PhD thesis, University of Texas at Austin
The Astrophysical Journal, 839 . . .
Kirby, E. N., Cohen, J. G., Simon, J. D., et al. 2017, The Astrophysical Journal,
838, 83
Kirby, E. N., Guhathakurta, P., Simon, J. D., et al. 2010, The Astrophysical Jour-
nal Supplement Series, 191, 352
Lucchesi, R., Lardo, C., Primas, F., et al. 2020, arXiv preprint arXiv:2001.11033
Mashonkina, L., Jablonka, P., Sitnova, T., Pakhomov, Y., & North, P. 2017, As-
tronomy & Astrophysics, 608, A89
Masseron, T., Plez, B., Van Eck, S., et al. 2014, Astronomy & astrophysics, 571,
A47
McWilliam, A. 1998, The Astronomical Journal, 115, 1640
Nagasawa, D. Q., Marshall, J. L., Li, T. S., et al. 2018, The Astrophysical Journal,
852, 99
Noguchi, K., Aoki, W., Kawanomoto, S., et al. 2002, Publications of the Astro-
nomical Society of Japan, 54, 855
Ramírez, I. & Meléndez, J. 2005, The Astrophysical Journal, 626, 465
Shetrone, M. D., Côté, P., & Sargent, W. 2001, The Astrophysical Journal, 548,
592
Simon, J. D., Frebel, A., McWilliam, A., Kirby, E. N., & Thompson, I. B. 2010,
The Astrophysical Journal, 716, 446
Starkenburg, E., Helmi, A., Morrison, H. L., et al. 2009, The Astrophysical Jour-
nal, 698, 567
Starkenburg, E., Hill, V., Tolstoy, E., et al. 2013, A&A, 549, A88
Suda, T., Katsuta, Y., Yamada, S., et al. 2008, Publications of the Astronomical
Society of Japan, 60, 1159
Tafelmeyer, M., Jablonka, P., Hill, V., et al. 2010, Astronomy & Astrophysics,
524, A58
Theler, R., Jablonka, P., Lardo, C., et al. 2019, arXiv preprint arXiv:1911.08627
Tinsley, B. 1979, The Astrophysical Journal, 229, 1046
Tsuji, T. 1978, Astronomy and Astrophysics, 62, 29
Venn, K. A., Shetrone, M. D., Irwin, M. J., et al. 2012, The Astrophysical Jour-
nal, 751, 102
Wenger, M., Ochsenbein, F., Egret, D., et al. 2000, Astronomy and Astrophysics
Supplement Series, 143, 9
Xue, X.-X., Rix, H.-W., Yanny, B., et al. 2011, The Astrophysical Journal, 738,
79
Article number, page 13 of 19
A&A proofs: manuscript no. Sextans-paper-ref-Finalcorr-arxiv
Appendix A: Line Data and Equivalent Widths
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Table A.1. Line Data and Equivalent Widths
S10 − 14 S11 − 13 S 49
Elem. λ L.E.P log gf log ǫ EW log ǫ EW log ǫ EW
(Å) (eV) (mÅ) (mÅ) (mÅ)
Mg I 4571.10 0.00 −5.69 4.98 55.1 5.03 77.2 4.79 67.0
Mg I 4702.99 4.33 −0.44 . . . . . . . . . . . . 4.97 48.5
Mg I 5183.60 2.72 −0.24 4.64 179.4 4.71 187.9 4.51 186.5
Mg I 5528.40 4.35 −0.50 4.92 42.5 5.05 56.2 . . . . . .
Ca I 4454.78 1.90 0.26 . . . . . . . . . . . . 3.63 87.4
Ca I 4455.89 1.90 −0.53 . . . . . . 3.61 35.9 . . . . . .
Ca I 5265.56 2.52 −0.11 . . . . . . 3.69 25.4 3.57 21.5
Ca I 5588.76 2.53 0.36 3.65 34.8 3.79 49.1 3.52 37.1
Sc II 4314.10 0.62 0.10 . . . . . . 0.12 112.0 0.05 102.7
Sc II 4374.46 0.62 −0.42 . . . . . . 0.17 85.8 −0.09 76.8
Sc II 4400.40 0.61 −0.54 0.05 142.1 0.00 81.7 . . . . . .
Sc II 4415.56 0.60 −0.67 . . . . . . 0.17 75.6 . . . . . .
Ti I 4533.24 0.84 0.54 <2.21 <52.3 . . . . . . 1.72 39.2
Ti I 4656.47 0.00 −1.29 <2.58 <27.8 . . . . . . . . . . . .
Ti I 4981.73 0.85 0.57 . . . . . . 2.26 72.2 . . . . . .
Ti I 4991.07 0.84 0.45 <2.02 <38.3 2.10 55.2 1.82 42.6
Ti I 5036.46 0.19 1.44 . . . . . . . . . . . . <2.33 <17.6
Ti I 5210.38 0.05 −0.82 . . . . . . 2.13 42.3 . . . . . .
Ti II 4025.13 0.61 −2.11 . . . . . . 2.07 72.2 . . . . . .
Ti II 4290.22 1.17 −0.87 . . . . . . 2.10 102.0 . . . . . .
Ti II 4395.84 1.24 −1.93 . . . . . . 2.05 38.1 2.06 41.5
Ti II 4417.72 1.17 −1.19 2.16 91.5 2.45 105.7 1.74 75.0
Ti II 4443.80 1.08 −0.71 . . . . . . 1.97 111.4 1.77 110.4
Ti II 4464.45 1.16 −1.81 . . . . . . 2.20 60.6 . . . . . .
Ti II 4468.49 1.13 −0.63 . . . . . . 2.05 116.2 . . . . . .
Ti II 4533.97 1.24 −0.77 . . . . . . 1.99 101.3 . . . . . .
Ti II 4563.77 1.22 −0.96 2.13 100.8 2.33 110.0 2.14 109.2
Ti II 4571.97 1.57 −0.31 1.80 94.0 2.54 129.7 2.18 121.1
Ti II 5129.16 1.88 −1.34 . . . . . . 2.20 37.7 . . . . . .
Ti II 5185.90 1.89 −1.41 2.32 35.6 2.12 29.2 2.27 39.5
Ti II 5226.54 1.57 −1.23 2.09 58.5 2.16 68.7 2.09 68.9
Ti II 5336.79 1.58 −1.60 . . . . . . 2.20 46.2 . . . . . .
Cr I 4254.33 0.00 −0.09 2.09 111.5 2.18 120.8 1.97 118.8
Cr I 4289.72 0.00 −0.36 . . . . . . 2.20 112.2 . . . . . .
Cr I 5345.80 1.00 −0.95 2.60 27.4 2.38 28.1 2.15 29.2
Cr I 5409.77 1.03 −0.67 2.60 41.8 2.43 44.3 2.30 38.5
Mn I 4048.99 2.16 −0.13 . . . . . . 2.15 100.0 . . . . . .
Mn I 5407.42 2.14 −1.74 2.73 27.7 . . . . . . . . . . . .
Mn I 5420.36 2.14 −1.46 2.69 41.3 . . . . . . . . . . . .
Fe I 4132.90 2.85 −1.01 4.66 41.3 . . . . . . . . . . . .
Fe I 4143.42 3.05 −0.20 . . . . . . 4.22 55.2 . . . . . .
Fe I 4143.87 1.56 −0.51 . . . . . . 3.81 109.7 . . . . . .
Fe I 4152.17 0.96 −3.23 5.11 72.5 . . . . . . . . . . . .
Fe I 4187.80 2.43 −0.55 4.69 97.3 . . . . . . . . . . . .
Fe I 4206.70 0.05 −3.96 . . . . . . 4.87 92.7 . . . . . .
Fe I 4216.18 0.00 −3.36 . . . . . . 4.54 108.9 . . . . . .
Fe I 4235.94 2.43 −0.34 4.29 88.5 4.49 99.8 . . . . . .
Fe I 4250.12 2.47 −0.41 . . . . . . 4.15 79.2 . . . . . .
Fe I 4250.79 1.56 −0.71 . . . . . . 4.46 132.5 . . . . . .
Fe I 4271.15 2.45 −0.34 4.44 95.6 . . . . . . 4.09 88.2
Fe I 4282.40 2.18 −0.78 . . . . . . 4.83 110.6 . . . . . .
Fe I 4299.24 2.43 −0.38 . . . . . . 4.48 98.7 . . . . . .
Fe I 4337.05 1.56 −1.70 . . . . . . 4.73 101.4 . . . . . .
Fe I 4375.93 0.00 −3.02 4.03 93.1 4.56 . 129.6 4.10 115.9
Fe I 4427.31 0.05 −2.92 4.58 122.8 4.68 138.1 . . . . . .
Fe I 4442.34 2.20 −1.26 . . . . . . 4.56 76.6 . . . . . .
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Table A.1. continued.
S10 − 14 S11 − 13 S 49
Elem. λ L.E.P log gf log ǫ EW log ǫ EW log ǫ EW
(Å) (eV) (mÅ) (mÅ) (mÅ)
Fe I 4443.19 2.86 −1.04 . . . . . . 4.48 38.1 4.33 33.5
Fe I 4447.72 2.22 −1.34 . . . . . . 4.33 57.9 4.58 78.2
Fe I 4461.65 0.09 −3.21 4.27 91.3 .4.65 120.3 . . . . . .
Fe I 4489.74 0.12 −3.97 5.00 87.7 5.04 100.7 . . . . . .
Fe I 4494.56 2.20 −1.14 . . . . . . 4.87 98.0 4.25 73.6
Fe I 4528.61 2.18 −0.82 . . . . . . 4.23 84.2 4.17 88.5
Fe I 4531.15 1.49 −2.16 . . . . . . 5.04 102.1 . . . . . .
Fe I 4592.65 1.56 −2.45 . . . . . . . . . . . . 4.65 68.9
Fe I 4602.94 1.49 −2.21 4.54 65.0 . . . . . . 4.30 67.6
Fe I 4859.74 2.88 −0.76 4.84 69.9 4.42 51.6 4.17 40.5
Fe I 4871.32 2.87 −0.36 4.46 72.4 . . . . . . . . . . . .
Fe I 4872.14 2.88 −0.57 . . . . . . 4.64 74.9 4.47 71.4
Fe I 4890.76 2.88 −0.39 4.45 69.1 . . . . . . . . . . . .
Fe I 4891.49 2.85 −0.11 4.11 67.5 . . . . . . 4.03 75.1
Fe I 4918.99 2.87 −0.34 4.38 68.8 4.34 72.1 4.30 76.7
Fe I 4924.77 2.28 −2.26 . . . . . . 4.88 35.4 . . . . . .
Fe I 4938.81 2.88 −1.08 . . . . . . 4.67 47.6 . . . . . .
Fe I 4939.69 0.86 −3.34 5.13 82.5 4.84 77.8 4.88 87.6
Fe I 4966.09 3.33 −0.87 . . . . . . 4.88 39.3 . . . . . .
Fe I 4994.13 0.92 −2.96 5.03 96.5 4.91 99.3 . . . . . .
Fe I 5012.07 0.86 −2.64 4.65 96.8 4.88 118.3 4.55 110.2
Fe I 5041.07 0.96 −3.09 4.85 76.3 4.99 94.1 4.67 83.3
Fe I 5041.76 1.49 −2.20 . . . . . . 4.69 88.8 4.56 89.5
Fe I 5049.82 2.28 −1.34 . . . . . . 4.54 70.7 4.38 66.9
Fe I 5051.64 0.92 −2.80 4.65 90.9 4.85 105.5 4.70 106.8
Fe I 5079.74 0.99 −3.22 . . . . . . 4.96 83.0 . . . . . .
Fe I 5083.34 0.96 −2.96 4.96 89.8 4.91 97.3 4.63 89.6
Fe I 5098.70 2.18 −2.03 . . . . . . 4.84 55.6 . . . . . .
Fe I 5123.72 1.01 −3.07 . . . . . . 4.92 88.2 . . . . . .
Fe I 5127.36 0.92 −3.31 5.08 79.2 5.26 100.9 4.76 79.4
Fe I 5142.93 0.96 −3.08 4.83 73.7 4.84 87.5 . . . . . .
Fe I 5166.28 0.00 −4.20 . . . . . . . . . . . . 4.75 99.8
Fe I 5194.94 3.23 −2.22 . . . . . . 4.37 72.2 4.05 57.6
Fe I 5216.27 1.61 −2.15 . . . . . . 4.81 90.9 4.53 82.3
Fe I 5217.39 3.21 −1.07 . . . . . . . . . . . . 4.64 27.8
Fe I 5225.53 0.11 −4.79 . . . . . . 5.05 63.7 . . . . . .
Fe I 5266.56 3.00 −0.88 4.68 77.2 . . . . . . . . . . . .
Fe I 5269.54 0.86 −1.32 . . . . . . 4.28 163.2 4.12 164.7
Fe I 5281.79 3.04 −0.83 . . . . . . 4.48 42.1 . . . . . .
Fe I 5283.63 3.24 −0.52 . . . . . . 4.64 53.8 . . . . . .
Fe I 5324.18 3.21 −0.10 4.49 66.4 4.62 80.8 . . . . . .
Fe I 5328.04 0.92 −1.47 . . . . . . 4.39 157.6 . . . . . .
Fe I 5328.53 1.56 −1.85 . . . . . . 5.24 135.1 . . . . . .
Fe I 5339.93 3.27 −0.65 . . . . . . 4.72 49.8 . . . . . .
Fe I 5341.02 1.61 −1.95 . . . . . . 4.74 99.7 . . . . . .
Fe I 5446.92 0.99 −1.91 . . . . . . 4.36 126.8 . . . . . .
Fe I 5455.61 1.01 −2.10 . . . . . . 4.93 147.2 4.54 135.5
Fe I 5497.52 1.01 −2.85 4.89 92.1 . . . . . . . . . . . .
Fe I 5501.47 0.96 −3.05 5.01 90.7 5.16 111.0 4.66 90.0
Fe I 5506.78 0.99 −2.80 . 4.98 102.07 4.87 107.1 4.59 99.5
Fe I 5615.64 3.33 0.05 4.45 65.7 4.42 71.0 4.33 70.7
Fe II 4233.17 2.58 −1.97 . . . . . . 4.84 76.3 . . . . . .
Fe II 4416.83 2.78 −2.54 . . . . . . . . . . . . 4.59 40.3
Fe II 4508.29 2.86 −2.44 . . . . . . 5.09 58.9 . . . . . .
Fe II 4923.93 2.89 −1.26 4.47 99.4 4.70 90.4 4.40 85.2
Fe II 5018.45 2.89 −1.10 4.29 99.2 . . . . . . 4.68 104.4
Fe II 5276.00 3.20 −2.01 4.39 33.8 4.71 46.9 . . . . . .
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Table A.1. continued.
S10 − 14 S11 − 13 S 49
Elem. λ L.E.P log gf log ǫ EW log ǫ EW log ǫ EW
(Å) (eV) (mÅ) (mÅ) (mÅ)
Ni I 5476.90 1.83 −0.78 3.40 76.4 3.34 82.9 3.05 70.5
Zn I 4810.53 4.08 −0.17 . . . . . . 2.25 35.7 2.02 26.0
Sr II 4077.71 0.00 0.17 −1.08 129.9 . . . . . . −1.04 161.9
Sr II 4215.52 0.00 −0.17 −0.92 131.4 −1.34 117.8 −0.80 146.8
Y II 4398.01 0.13 −1.00 < −0.96 <25.3 < −1.24 <20.3 . . . . . .
Ba II 4554.03 0.00 0.14 −2.22 96.8 −2.35 97.0 . . . . . .
Ba II 4934.10 0.00 −0.16 −2.09 88.0 −2.25 86.2 −2.18 104.3
Eu II 4205.04 0.00 0.21 . . . . . . . . . . . . < −2.25 <53.4
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Table A.2. Line Data and Equivalent Widths of S 24-72 and S 11-04
S24 − 72 S11 − 04
Elem. λ L.E.P log gf log ǫ EW log ǫ EW
(Å) (eV) (mÅ) (mÅ)
Mg I 5172.68 2.71 −0.45 4.79 200.5 5.00 249.4
Mg I 5183.60 2.72 −0.24 4.91 237.4 5.06 293.8
Mg I 5528.40 4.35 −0.50 4.93 53.3 5.03 67.8
Ca I 5588.76 2.53 0.36 3.50 45.1 3.51 51.7
Ca I 5594.47 2.52 0.10 . . . . . . 3.71 47.4
Ca I 6102.72 1.88 −0.77 . . . . . . 3.65 44.0
Ca I 6122.22 1.89 −0.32 3.73 74.1 3.72 84.5
Ca I 6162.17 1.90 −0.09 3.39 65.0 3.79 108.3
Ca I 6439.07 2.53 0.39 3.53 53.3 . . . . . .
Sc II 5031.02 1.36 −0.40 0.01 40.4 0.14 54.1
Sc II 5526.79 1.77 0.02 0.20 45.9 0.19 50.1
Ti I 4981.73 0.85 0.57 1.82 54.6 1.91 76.0
Ti I 4991.07 0.84 0.45 1.67 37.8 1.99 74.4
Ti I 4999.50 0.83 0.32 1.92 46.3 1.92 59.6
Ti I 5007.21 0.82 0.17 . . . . . . 2.01 56.1
Ti I 5064.65 0.05 −0.94 . . . . . . 1.98 49.6
Ti I 5173.74 0.00 −1.06 . . . . . . 2.12 57.1
Ti I 5192.97 0.02 −0.95 1.98 37.0 2.20 70.8
Ti I 5210.38 0.05 −0.82 . . . . . . 2.20 78.9
Ti II 4443.80 1.08 −0.71 2.22 142.0 . . . . . .
Ti II 4798.53 1.08 −2.66 2.36 33.8 2.35 38.8
Ti II 4865.61 1.12 −2.70 2.15 20.1 . . . . . .
Ti II 5129.16 1.88 −1.34 . . . . . . 2.27 53.3
Ti II 5154.07 1.57 −1.78 . . . . . . 2.40 61.1
Ti II 5185.90 1.89 −1.41 2.37 49.7 2.43 59.5
Ti II 5336.79 1.58 −1.60 2.33 63.3 2.46 80.4
Cr I 5206.04 0.94 0.02 2.52 114.5 2.56 135.7
Cr I 5208.42 0.94 0.17 . . . . . . 2.57 147.0
Cr I 5345.80 1.00 −0.95 2.37 33.5 2.57 58.6
Cr I 5409.77 1.03 −0.67 2.33 47.1 2.56 78.3
Mn I 4041.35 2.11 0.28 2.12 49.0 . . . . . .
Mn I 4783.43 2.30 0.04 2.22 30.4 2.03 27.4
Mn I 4823.52 2.32 0.14 2.30 38.5 2.15 37.4
Fe I 4260.47 2.40 0.08 4.39 134.2 . . . . . .
Fe I 4859.74 2.88 −0.76 4.39 58.8 . . . . . .
Fe I 4871.32 2.87 −0.36 4.51 93.7 4.52 106.4
Fe I 4872.14 2.88 −0.57 4.34 67.6 4.55 93.0
Fe I 4890.76 2.88 −0.39 4.46 88.1 4.70 114.7
Fe I 4891.49 2.85 −0.11 4.22 92.8 4.58 127.2
Fe I 4918.99 2.87 −0.34 4.27 80.2 4.66 117.0
Fe I 4920.50 2.83 0.07 . . . . . . 4.33 124.9
Fe I 4939.69 0.86 −3.34 4.96 102.5 . . . . . .
Fe I 4966.09 3.33 −0.87 . . . . . . 4.78 47.2
Fe I 4994.13 0.92 −2.96 4.52 94.4 4.61 122.5
Fe I 5006.12 2.83 −0.61 4.42 76.0 4.57 97.8
Fe I 5012.07 0.86 −2.64 . . . . . . 4.73 160.6
Fe I 5041.07 0.96 −3.09 4.71 94.9 4.84 126.0
Fe I 5041.76 1.49 −2.20 4.52 94.6 4.41 105.2
Fe I 5049.82 2.28 −1.34 . . . . . . 4.56 98.8
Fe I 5051.64 0.92 −2.80 4.50 104.7 4.64 137.5
Fe I 5068.77 2.94 −1.04 . . . . . . 4.49 51.5
Fe I 5079.74 0.99 −3.22 4.72 84.6 4.81 111.3
Fe I 5083.34 0.96 −2.96 4.57 95.2 4.56 115.5
Fe I 5098.70 2.18 −2.03 4.67 54.6 4.69 68.7
Fe I 5123.72 1.01 −3.07 4.58 83.5 4.71 113.9
Fe I 5127.36 0.92 −3.31 4.78 89.9 4.75 109.3
Fe I 5142.93 0.96 −3.08 4.77 101.3 . . . . . .
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Table A.2. continued.
S24 − 72 S11 − 04
Elem. λ L.E.P log gf log ǫ EW log ǫ EW
(Å) (eV) (mÅ) (mÅ)
Fe I 5150.84 0.99 −3.07 4.57 85.3 4.66 112.7
Fe I 5151.91 1.01 −3.31 . . . . . . 4.71 94.5
Fe I 5166.28 0.00 −4.20 4.79 116.3 4.88 157.3
Fe I 5171.60 1.49 −1.79 4.71 134.8 4.54 145.8
Fe I 5191.46 3.04 −0.55 . . . . . . 4.56 84.4
Fe I 5194.94 3.23 −2.22 4.81 116.5 4.80 136.4
Fe I 5202.34 2.18 −1.84 4.75 74.9 4.95 103.6
Fe I 5216.27 1.61 −2.15 4.77 106.0 4.94 137.7
Fe I 5225.53 0.11 −4.79 5.14 88.3 4.82 88.6
Fe I 5254.96 0.11 −4.76 5.04 83.3 4.85 94.1
Fe I 5266.56 3.00 −0.39 4.65 94.5 . . . . . .
Fe I 5324.18 3.21 −0.10 4.49 85.0 . . . . . .
Fe I 5339.93 3.27 −0.65 4.55 46.3 4.70 66.0
Fe I 5341.02 1.61 −1.95 4.64 112.7 . . . . . .
Fe I 5446.92 0.99 −1.91 4.18 141.5 4.44 192.1
Fe I 5455.61 1.01 −2.10 4.62 156.5 4.69 195.0
Fe I 5497.52 1.01 −2.85 4.51 99.1 4.47 118.7
Fe I 5501.47 0.96 −3.05 4.56 93.3 4.71 128.5
Fe I 5506.78 0.99 −2.80 4.59 110.5 4.63 138.5
Fe I 5586.76 3.37 −0.10 . . . . . . 4.51 85.5
Fe I 5615.64 3.33 0.05 4.31 74.4 4.54 102.9
Fe I 6136.61 2.45 −1.40 4.56 74.7 4.60 92.7
Fe I 6137.69 2.59 −1.40 4.67 69.1 4.63 79.4
Fe I 6230.72 2.56 −1.28 4.77 89.6 4.64 95.0
Fe I 6252.56 2.40 −1.77 . . . . . . 4.78 84.2
Fe I 6393.60 2.43 −1.43 4.59 78.1 . . . . . .
Fe I 6421.35 2.28 −2.03 4.81 64.5 . . . . . .
Fe I 6430.85 2.18 −2.01 4.75 72.3 4.98 109.3
Fe I 6494.98 2.40 −1.24 4.37 80.4 4.46 104.8
Fe I 6592.91 2.73 −1.47 4.53 42.1 . . . . . .
Fe II 4178.86 2.58 −2.51 4.29 45.7 . . . . . .
Fe II 4923.93 2.89 −1.26 4.46 115.2 5.18 117.6
Fe II 5018.45 2.89 −1.10 . . . . . . 5.16 125.8
Fe II 5276.00 3.20 −2.01 4.60 53.0 . . . . . .
Fe II 6247.55 3.89 −2.51 . . . . . . 5.17 15.1
Ni I 5476.90 1.83 −0.78 3.35 99.6 3.12 100.4
Zn I 4810.53 4.08 −0.17 2.09 30.9 2.09 33.1
Sr II 4077.71 0.00 0.17 −1.03 151.5 −0.63 218.3
Sr II 4215.52 0.00 −0.17 . . . . . . −0.60 185.6
Ba II 4934.10 0.00 −0.16 −2.17 85.7 . . . . . .
Ba II 6141.73 0.70 −0.08 −2.00 35.0 −1.66 67.5
Ba II 6496.91 0.60 −0.38 −1.95 28.5 −1.68 53.3
Eu II 4205.04 0.00 0.21 < −2.60 <34.7 < −2.67 <36.8
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